Methanogens have received increased attention from molecular biologists (11) since they were recognized as archaebacteria (2) . In addition to rRNA (23) and tRNA (45) genes, protein-encoding genes were cloned from various methanogens either by complementation of auxotrophic Escherichia coli mutations (36) , by homology with eubacterial genes (37) , or by immunochemical methods using antibodies raised against purified proteins (28) . Classical genetics has been difficult to apply to methanogens because of the cumbersome manipulation of these organisms, mainly due to their extreme sensitivity to oxygen (26) . However, auxotrophic mutants have been described (5, 25) and allowed Bertani and Baresi (5) to demonstrate transformation of the marine methanogen Methanococcus voltae. This bacterium has become one of the best characterized methanogenic species, since growth parameters in liquid and solid media have been described (5, 24, 44) and studies of transport, bioenergetics, biosynthetic pathways, and cell wall constitution have been performed (see reference 29 and references cited therein).
To facilitate genetic analysis of M. voltae, a cloning vector would be useful. Generally, the most convenient selective markers to be incorporated in such vectors are antibiotic resistances which have been successfully used in eubacteria (10) . An ideal drug resistance marker is a known gene, whose product leads to the inactivation of the antibiotic. Such a system should have the following properties: (i) the drug should be active at low doses against a specific target, and (ii) spontaneous resistance to the drug should be rare to allow the detection of low levels of transfer of the resistance marker. In vivo and in vitro activity tests have to be performed with an antibiotic after its modification in vitro to show whether modification of a drug which inhibits growth of M. voltae inactivates the drug. Expression of the resistance gene can then be achieved after its introduction into * Corresponding author.
M. voltae if it is put under the control of expression signals
of the methanogen. Such expression signals have been mapped in the methyl coenzyme M reductase gene cluster (28) . Replication origins for plasmids of related methanococci (46) might be used to construct a plasmid vector. Unfortunately, methanogens (and the other archaebacteria) are sensitive to only a few drugs (7) . Moreover, spontaneous resistance to these inhibitors is high and often due to mutations leading to a changed permeability (14, 16, 25) . The only well-characterized mutants are a mutant of Methanobacterium formicicum resistant to anisomycin (22) and a mutant of Methanobacterium thermoautotrophicum resistant to pseudomonic acid (27) . Chloramphenicol is a strong inhibitor of the growth of methanogens, but it was shown that chloramphenicol acetyltransferase (the product of the cat gene of Tn9) should not provide methanogens with resistance to chloramphenicol since acetylated chloramphenicol was still inhibitory (3). We thus looked for inhibitors of the growth of M. voltae which would fulfill the criteria described above. We tested 12 drugs and found that fusidic acid and puromycin appear to be good candidates, especially since eubacterial resistance genes for these antibiotics have been previously cloned and sequenced (1, 33, 39 (23 mg of protein per ml). The reaction was stopped by the addition of cold 10% trichloroacetic acid. Samples were passed through a glass fiber filter (Whatman) and extensively washed with trichloroacetic acid and ethanol. The filters were dried, and radioactivity was measured in a liquid scintillation spectrometer. Although the conditions for preparation and assay of the M. voltae extract were not optimized, similar activities with an E. coli control (tRNA and MRE600 extract kindly provided by R. Buckingham) were found. All manipulations were carried out under aerobic conditions.
In vitro polypeptide synthesis. In vitro polypeptide synthesis was measured by poly(U)-dependent polyphenylalanine synthesis in S30 extracts. Extracts were prepared as follows. A 1-to 2-g portion of wet cells was suspended in 2 ml of buffer B (20 mM Tris hydrochloride [pH 7.5], 10 mM MgCl2, 30 mM NH4Cl, 2 mM dithiothreitol), and DNase I was added to a final concentration of 1 ,ug/ml. The suspension was passed through a French press at 7,000 lb/in2. Cell debris was sedimented by centrifugation at 30,000 x g for 30 min at 4°C. The upper two-thirds of the supernatant was collected and extensively dialyzed against buffer B. The resulting extract constituted the S30 extract. The E. coli MRE600 extract contained 37 mg of protein per ml, and the M. voltae extract contained 19 mg of protein per ml. The poly(U)-dependent polyphenylalanine assay was carried out essentially as described by Elhardt and Bock (12) , with the following modifications. In the standard 200-,ul assay, tRNA, ribosomal fraction, and S100 were replaced by S30 extract (35 [3H]puromycin as described above; final concentration, 5 pug/ml), and the third culture received no additive. The temperature of incubation was 37°C. To avoid possible contamination by oxygen, the addition of the drugs was performed in an anaerobic glove box. The control culture was also introduced into the glove box to check for possible perturbation of growth provoked by the manipulation. This was indeed the case (and was likely due to the short temperature change), but growth resumed normally after a lag of 20 to 30 min (see Fig. 4 ). Growth and methane production were determined. Radioactivity bound to cells was measured in 50-plI aliquots of the cultures filtered through glass fiber filters and extensively washed with culture medium.
RESULTS AND DISCUSSION
In vivo sensitivity of M. voltae to various inhibitors. Twelve inhibitors with defined targets in eubacteria or eucaryotes or both were tested for their effects on the growth of M. voltae in liquid medium (Table 1) . Genes encoding resistance to six of these antibiotics had already been characterized and Table  1 . To check for possible effects on energy metabolism rather than on a specific target, drugs were added to exponentially growing cultures and optical density and methane production were monitored. After the addition of fusidic acid, puromycin, or pseudomonic acid, growth halted within one generation, whereas the rate of methane production was affected later (results not shown), suggesting that the inhibition of energy metabolism was a secondary effect. On the contrary, the addition of methionine sulfoximine resulted in an immediate arrest of methane production, suggesting that the inhibitor could have a nonspecific effect on energy metabolism (results not shown). In addition, the frequency of spontaneous resistance to methionine sulfoximine was rather high (5 x 10-5), leading to resistant cultures 24 h after the addition of the inhibitor (results not shown). For these reasons, the effect of methionine sulfoximine was not further characterized.
The most potent inhibitor was pseudomonic acid (Table 1  and Fig. 1 ), which had already been shown to inhibit the growth of M. vannie/ii (7) and M. thermoautotrophicium (27) . As reported for these two species, isoleucine partially relieved the inhibitory effect of pseudomonic acid in M. voltae (Fig. 1) . This suggested that isoleucyl-tRNA synthetase was the target of pseudomonic acid, as described for E. coli (19) ; this was confirmed in vitro (see below). Spontaneous resistant mutants were found on solid medium containing 1 ,ug of the drug per ml at a frequency of about 10-7 (Table 1 ). The mutants were subsequently shown to be resistant to 10 p.g of pseudomonic acid per ml.
The fusidic acid MIC was 100 pg/ml in liquid medium and 200 ,ug/ml on solid medium ( Table 1 ). The concentration that resulted in a 50% inhibition (IC50) of growth in liquid medium was about 50 ,ug/ml (Fig. 2B) . In comparison, the IC50 and MIC for E. coli DB1O were estimated at 0.2 and 10 p.g/ml, respectively, as deduced from results shown in Fig. 2A . No spontaneous fusidic acid-resistant mutant of M. voltae was found at a concentration of 200 ,ug/ml (frequency <10-7).
The in vivo effects of puromycin and acetyl-puromycin on E. coli and M. voltae are shown in Fig. 3 . The synthesis of acetyl-puromycin is catalyzed in vivo by puromycin acetyltransferase, encoded by the pac gene of Streptomyces alboniger (39) . Since acetyl-puromycin is inactive on ribosomes, the pac gene confers resistance to puromycin when introduced and expressed in E. coli (39) and eucaryotes (41) . To use the pac gene as a selective marker in M. voltae, acetyl-puromycin has to be inactive against M. voltae. Acetyl-puromycin was much less active than puromycin against M. voltae (Fig. 3B) and also against E. coli (Fig. 3A) .
The IC50 (32 p.g/ml) and MIC (100 ,ug/ml) of acetyl-puromycin were 50 times higher than the IC50 (0.7 ,ug/ml) and MIC (2 pLg/ml) of puromycin for M. voltae; for E. coli, the 736 POSSOT ET AL. values were of the same order of magnitude. It should be noted that the slight inhibition observed with chemically synthesized acetyl-puromycin may have been due to the contamination of acetyl-puromycin by puromycin, estimated to be less than 5% by nuclear magnetic resonance analysis. However, the absence of inhibition by acetyl-puromycin may also have been due to impermeability of M. voltae to this compound. Thus, we checked the uptake of puromycin and acetyl-puromycin in exponentially growing M. voltae by using radioactively labeled compounds. Acetyl-puromycin was accumulated less well than puromycin (Fig. 4) . The growth of the culture which received [3H]puromycin (5 pg/ml) halted after about one generation time, whereas the growth of the culture which received acetyl-[3H]puromycin (5 ,ug/ml) continued equivalent to that of the control culture (Fig. 4A) . The radioactivity bound to the cells in the [3H]puromycin-treated culture increased linearly with time and was about 330,000 dpm for 50 [lI at an A660 of 0.4 (Fig.   4B ). In contrast, the radioactivity bound to the cells in the acetyl-[3H]puromycin-treated culture was constant and was about 46,000 dpm for 50 ,ul at an A6. of 0.5 (Fig. 4B) .
Although it cannot be determined whether this radioactivity corresponded to acetyl-puromycin effectively accumulated into cells or tightly bound to the M. voltae envelope, it is clear that acetyl-puromycin is less efficiently accumulated than puromycin. Thus, it was necessary to test the effect of acetyl-puromycin in vitro since resistance to acetyl-puromycin in vivo might have been due to its inability to penetrate into M. voltae. Based on the amount of [3H]puromycin bound to the cells, it can be calculated that the intracellular concentration of the drug was about 103 times higher than the extracellular concentration. This result suggests that puromycin is either actively transported or is accumulated by tight binding to intracellular components, in contrast to the acetylated compound.
Sensitivity to pseudomonic acid, fusidic acid, puromycin, and acetyl-puromycin in vitro. Pseudomonic acid was shown to inhibit the aminoacylation of M. voltae bulk tRNA with L-[U-'4C]isoleucine in the presence of M. voltae protein extract (Fig. 1) (7) and M. thermroaitotrophicirn (27) , is likely to have been the result of inhibition of isoleucyl-tRNA synthetase activity; the mechanism of action of pseudomonic acid in methanogens therefore seems identical to that reported for eubacteria (20) . It should be noted that M. lvoltae is more sensitive to pseudomonic acid than are M. *vannielii (7) and M. thermoautotrophicum (27) , since 50% inhibition was obtained with 0.1 .g of pseudomonic acid per ml (MIC in liquid medium). voltae, although M. voltae was much less sensitive in vivo than E. coli (Fig. 2) . Our results are in agreement with those of Londei et al. (32) , who studied the effect of various inhibitors of elongation factors in several archaebacteria,
The effects of puromycin and acetyl-puromycin on polypeptide synthesis are shown in Fig. 3 . It was not necessary to purify ribosomes separately to obtain an active in vitro polypeptide-synthesizing system, a step found to be essential with M. v'annielii (12) . Puromycin inhibited E. coli and M. voltae polypeptide synthesis in a similar manner (Fig. 3) ; however, M. voltae appeared more sensitive than E. coli, since 50% inhibition was obtained in the presence of about 7 ,ug/ml for M. voltae and about 15 
